Key Points {#FPar1}
==========

Persistent infection of high-risk human papillomaviruses (HR HPVs) may cause cervical cancerMolecular mechanism of carcinogenesis induced by HR HPV is partly known but new biomarkers of early carcinogenesis are still required for effective cervical cancer screeningResults of several studies indicate that telomere length measurements and expression analysis of genes coding telomerase may potentially be useful in early diagnosis of a precancerous state, but those methods are currently under development

Introduction {#Sec1}
============

Human papillomavirus (HPV) is transmitted by direct contact, mostly through sexual behavior \[[@CR1]\]. Currently, more than 200 types of HPV are known that belong to the family *Papillomaviridae*. Differences in the *L1* gene sequence are the basis for the latest classification of HPV, according to which five genera of viruses are distinguished: α, β, γ, μ, and ν. Approximately 60 HPVs belonging to the α group show affinity for cervical epithelial cells. HPVs are classified into two groups in relation to their oncogenic potential. The group of high-risk viruses includes 13 types: 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 66, and 68. The group of low-risk viruses includes types 6, 11, 42, 43, and 44, and are responsible for the clinically overt form, genital warts (GW), and other HPVs of lesser clinical significance \[[@CR2]--[@CR4]\]. It is believed that about 80% of sexually active women will be infected with HPV before the age of 50 years \[[@CR5]\]. Infection with the most oncogenic types, 16 and 18, increases the risk of developing cervical cancer by more than 200-fold \[[@CR6]\]. Every year, around 500,000 new cases of this type of cancer are diagnosed in the world \[[@CR7]\], over 90% of which is a result of persistent HPV infection, and at least half of which are caused by HPV16 \[[@CR8]\]. In addition to latent infection with highly oncogenic HPV types (high risk HPVs \[HR HPVs\]), epidemiological risk factors include early sexual initiation, large number of partners, numerous births, low socioeconomic status, habitual smoking, coexistence of other infectious agents, and vitamin deficiencies. Genital infections with HR HPV are also associated with squamous cell carcinoma of the anus \[[@CR9]\], vagina and vulva \[[@CR10]\], and penis \[[@CR11]\]. In addition, the presence of HPV is detected in 47% of cases of pharyngeal cancers, 11% of oral cancers \[[@CR12]\], and 23% of laryngeal cancers \[[@CR1]\]. HPV types 6 and 11, belonging to the so-called 'low-risk' HPVs, are responsible for the formation of 95% of GW; they are more common in young people \[[@CR13]\].

The HPV infection begins with the basal cells in the stratified squamous epithelium and progresses to involve cells from higher layers. Microabrasions facilitate HPV reaching the basal layer. The balance of growth and differentiation in stratified squamous epithelium becomes dysregulated by HPV, which leads to dysplasia and carcinoma in situ. The key event of carcinogenesis that leads to cell immortalization is telomerase activation by viral proteins E6 and E7. These proteins also inhibit apoptosis, which induces genome instability and immune modulation. Telomerase is an enzymatic complex responsible for telomere extension in proliferating cells. It becomes inactive in cells that are unable to divide. Telomere extension is crucial for cancer cells because this allows uncontrolled cell division and tumorigenesis \[[@CR14]\].

In this review article, we describe the role of telomerase and telomeres in the molecular mechanism of carcinogenesis induced by HR HPV. First, we describe the virus structure and its life cycle in cervical epithelium. Then we highlight the molecular mechanisms of oncogenesis, with a particular emphasis on telomerase activation induced by virus proteins. Finally, we discuss the potential application of *hTERT* analysis and telomere length as indicators of early tumorigenesis.

Virus Structure {#Sec2}
===============

HPVs belong to small viruses with a spherical shape and diameter of 50--60 nm. The capsid of the virus is composed of L1 and L2 proteins (Fig. [1](#Fig1){ref-type="fig"}). The viral genome consists of a double-stranded DNA of 8000 base pairs, circularly coiled and associated with histone-like proteins. Functionally, the HPV genome can be divided into three regions. The first non-coding long control region (LCR) is responsible for the regulation of *E6* and *E7* gene transcription. The second region contains six open reading frames and codes for non-structural proteins (E1, E2, E4, E5, E6, and E7) involved in viral DNA replication and oncogenesis. The third region represents 10% of the entire genome, codes for structural L1 and L2 proteins, and varies between different HPV types \[[@CR15], [@CR16]\].Fig. 1Structure of human papillomavirus (modified from Fernandes et al. \[[@CR15]\])

Life Cycle of High-Risk (HR) Human Papillomavirus (HPV) in Cervical Epithelium {#Sec3}
==============================================================================

HPV uses a unique strategy for propagation. Initially, HPV gains entry to the cells of the basal epithelium layer via interaction of L1 with heparin sulphate proteoglycans \[[@CR17]\] and perhaps also laminin \[[@CR18]\]. Conformational changes in viral capsid based on furin cleavage of L2 allows virus binding to the keratinocyte receptor, which is important for internalization. Virus endocytosis is most likely mediated by caveolae- and clatrin-independent pathways \[[@CR19]\]. One of the novel pathways involving tetraspanin-enriched microdomains has been proposed by Spoden et al. \[[@CR20], [@CR21]\]. Viral proteins E1 and E2 are responsible for the maintenance of a low number of genome copies, since genomes are transferred to the nucleus and are established as episomes after internalization. Early viral genes are expressed (*E1*, *E2*, *E6*, and *E7*) and viral genomes are replicated at the same time as the cell's DNA. Active cell division generates daughter cells, which migrate from the basal layer and undergo differentiation. In differentiated cells, production of E4 protein induces amplification of viral genome replication. Products of late genes *L1* and *L2* are needed to form new virions, which reach the cornified layer of the epithelium and are released here (Fig. [2](#Fig2){ref-type="fig"}) \[[@CR22], [@CR23]\]. The role of individual proteins produced during the HPV cell cycle is described in Table [1](#Tab1){ref-type="table"}.Fig. 2Normal and infected epithelium. Human papillomavirus penetrates the mucosal epithelium via microinjuries. The infection begins with the basal cell layer and successively progresses to involve cells from higher layers. Expression of the human papillomavirus genes (*E6* and *E7*) promotes uncontrolled cell proliferation. If the immune system does not eliminate viruses, a long period of infection may cause cancer development (modified from Tomaić \[[@CR24]\]). *HPV* human papillomavirus Table 1Human papillomavirus proteins and their functions \[[@CR14], [@CR21]--[@CR23]\]ProteinFunctionE1Acts as adenosine triphosphatase (ATPase) and DNA helicase; necessary for replication of viral DNAE2Main regulator of viral gene transcription; DNA replication and viral genomes segregationE3Not knownE4Acts late in the viral life cycle; favors viral genome amplification, regulates virus maturation, and facilitates virion releaseE5Enhances E6 and E7 transforming activity, promotes chromosomal instabilityE6Disrupts normal regulation of host cell cycle via p53 degradation in the presence of E6AP, inhibits apoptosis, and activates telomeraseE7Degrades tumor-suppressor protein pRb, affects the expression of S phase genes by interaction with transcription factors and histone deacetylasesE8Not knownL1Major viral structural protein required for attachment to cell surface receptorL2Minor viral structural protein; interacts with DNA. Contributes to viral localization into the nucleus and helps the packaging of viral DNA into capsids*E6AP* ubiquitin ligase, *pRb* retinoblastoma protein

HR HPV infection is associated with cervical intraepithelial neoplasia (CIN) and can cause cervical cancer as a result of the development of lesions after persistent infection. Cervical cancer is located preferentially in the cervical transformation zone (TZ) between the squamous epithelium of the ectocervix and the columnar epithelium of the endocervix. Because basal cells of the TZ are able to differentiate they are susceptible to HPV infection \[[@CR22]\].

According to the Bethesda Classification of cervical dysplasia, the term CIN has now been changed to squamous intraepithelial lesion (SIL). In cervical cytology, three types of lesions are distinguished: low-grade or high-grade SIL (LSIL and HSIL, respectively) and atypical squamous cells (ASC). LSIL corresponds to CIN1 and HSIL corresponds to CIN2 and CIN3 \[[@CR25]\].

In lesions such as mild dysplasia (CIN1) and moderate dysplasia (CIN2), low levels of *E6* and *E7* expression are observed in cells in the lower layers. Cells are stimulated to divide. Cells in mid layers are usually in the S or the G2 phase of the cell cycle and they produce E4 protein. In turn, cells in the upper layer leave the cell cycle and produce L1 and L2 proteins. In those cells, amplified viral genomes are packed into capsids. Lesions such as CIN3 (severe dysplasia, carcinoma in situ) and invasive cancer lesions reveal high levels of *E6* and *E7* expression \[[@CR26]\].

Molecular Mechanism of HR HPV Cancer Development {#Sec4}
================================================

The most important role in the process of carcinogenesis is attributed to the HPV E6 and E7 proteins. These proteins interact with selected human suppressors of neoplastic transformation, thereby affecting the course of the cell cycle and apoptosis \[[@CR27], [@CR28]\].

The *P53* and *RB* genes are the most important human genes encoding proteins regulating the cell cycle and apoptosis. The p53 protein plays an important role in maintaining genomic stability in conditions harmful to the cell. It controls genetic material replication, participates in DNA repair and induces programmed cell death in the case of irreversible cell damage \[[@CR29]\]. The content of p53 in normal cells is not high, but it increases rapidly when DNA in the cells is damaged. In addition, p53 can arrest the cell cycle at the G1/S phase and can maintain the integrity of the cell genome by enhancing the expression of the DNA repair protein. If DNA is severely damaged, p53 induces apoptosis, thereby avoiding the transfer of damaged genes to the next generation of cells. Continuous production and degradation of p53 in normal cells maintains its content at a certain level \[[@CR30]\].

It has been demonstrated that the HPV E6 protein can interact with p53 and cause its degradation \[[@CR28], [@CR31]\]. In the first step, the E6 protein binds to the cellular E6-AP ubiquitin ligase, to which p53 binds, which in turn leads to the degradation of this complex in the proteasome. The consequence of excessive degradation of p53 is that the cells cannot normally repair DNA damages. As a result, the cell genome cannot maintain its integrity as gene mutations accumulate, and this finally leads to malignant transformation of the cells \[[@CR32], [@CR33]\]. p53 also has the ability to interact with the p21 and p27 proteins, important cyclin-dependent kinase (Cdk) inhibitors that inhibit the cellular transition from the G1 to S phase. The inactivation of p53 results in the inability to arrest the cell cycle and inhibit the apoptosis of damaged cells \[[@CR34], [@CR35]\]. Additionally, E6 protein up-regulates the expression of the Bcl-2 (B cell lymphoma 2) apoptosis-inhibiting protein and down-regulates the expression of the Bax (Bcl-2-like protein 4) apoptosis-promoting protein, leading to the inhibition of apoptosis \[[@CR36], [@CR37]\].

In turn, the HPV E7 protein negatively affects cellular pRb (retinoblastoma protein). pRb forms a complex with E2F (transcription factor family) in a non-phosphorylated form and stops the cell cycle in G1 in an intact cell (Fig. [3](#Fig3){ref-type="fig"}). The phosphorylated form of Rb cannot bind E2F, which causes the activation of genes involved in the cell transition from the G1 to the S phase of the cell cycle. The E7 protein interacts with the pRb, resulting in the release of the E2F factor, and this leads to the constitutive expression of genes responsible for the production of proteins necessary for cellular DNA replication \[[@CR38], [@CR39]\]. It has been shown that viral E7 protein can also bind to cellular p21 and p27 proteins. This process triggers the activation of Cdk4/6 and Cdk2 kinases dependent on D and E cyclins, the consequence of which is transition from G1 to the S phase and apoptosis inhibition \[[@CR35], [@CR39]\].Fig. 3Human papillomaviruses block apoptosis (modified from Jayshree et al. \[[@CR39]\]). *Cdk4/6* and *Cdk2* cyclin-dependent kinases, *CycD* cyclin D, *E2F* transcription factor, *E6* and *E7* human papillomavirus proteins, *E6AP* ubiquitin ligase, *pRB* retinoblastoma protein

E7 protein can also promote cell dysplasia by stimulating the expression of human *Pygopus* (*hPygo*)*2* gene, which codes for a protein component of the Wnt/β-catenin transcription complex. This protein is important for Wnt-dependent transcriptional activation during embryonic development. It is also over-expressed in various cancer cell lines. In HPV-positive cervical cancer cells, the level of *hPygo2* messenger RNA (mRNA) and protein are higher than in uninfected cells. It has been experimentally confirmed that reduction of *E7* expression by RNA interference promotes pRb binding to the *hPygo2* promoter. In turn activation of *hPygo2* is dependent on E74-like factor-1 (Elf-1). Thus, E7-mediated attenuation of pRb induces *hPygo2* expression via Elf-1 in cervical cancer \[[@CR40]\].

Telomerase Activation: An Important Target for HPV {#Sec5}
==================================================

The activation of telomerase, a holoenzyme responsible for the elongation of chromosome ends called telomeres, is one of the known mechanisms of HPV action. Telomeres protect chromosomes from degradation and fusion. They consist of multiple repetitions of the 5'-TTAGGG-3' sequence. In human cells, the length of telomeres varies from 5000 to 15,000 nucleotides \[[@CR41]\]. Telomeres are shortened with each cell division by 100--200 nucleotides. Reaching the critical telomere length is a signal for the cell to enter programmed cell death. Telomeres are extended by telomerase in actively dividing cells, e.g., stem cells; however, this enzyme remains inactive in fully differentiated cells. Telomerase is an enzyme composed of the TERC (telomerase RNA component) subunit, which is a template for telomeric sequence amplification, and the hTERT (human telomerase catalytic) subunit with the reverse transcriptase function. The telomerase complex also includes the dyskerin complex proteins (dyskerin, NOP10, NHP2, and GAR1). Moreover, the Shelterin protein complex, consisting of TRF1, TRF2, TIN2, POT1, RAP1, and TPP1 proteins, has telomerase-protective functions \[[@CR42]\].

In vitro studies on keratinocytes have shown that neoplastic transformation of cells infected with HR HPV is mainly due to the viral E6 protein that induces telomerase activation \[[@CR43]\]. The activity of this enzyme is not detected in cells in the absence of the E6 protein. The E6 protein acts on several levels: it directly interacts with *hTERT* and telomeric DNA \[[@CR44]\]; and it mediates the regulation of the *hTERT* promoter and participates in the epigenetic and post-transcriptional regulation of *hTERT* \[[@CR45]\]. The E6 protein interacts with E6AP ubiquitin ligase in the degradation of p53, but not telomerase degradation. Experimentally, it has been shown that reduction of E6 and E6AP levels by microRNA leads to the reduction of *hTERT* transcription and lower activity of telomerase in cells \[[@CR46]\]. The E6/E6AP proteins bind to the *hTERT* promoter and activate it by interacting with the c-Myc protein (expression regulator) \[[@CR47]\]. At the same time, the *hTERT* repressor complex (composed of the upstream transcription factor \[USF\] 1 and USF2 transcription factors) is replaced by c-Myc protein in the presence of E6 protein and, as a result, the *hTERT* gene transcription is increased \[[@CR48]\] (Fig. [4](#Fig4){ref-type="fig"}). In turn, the second of the *hTERT* repressors---NFX1-91---is degraded in the cellular E6AP ubiquitin ligase-dependent manner \[[@CR49]\]. Histone acetyltransferase (HAT) activity is increased and histone deacetylase (HDAC) activity is decreased as a result of NFX1-91 degradation, which binds SIN3 (transcription regulator family member A \[mSin3A\]), a transcriptional co-repressor responsible for HDACs recrutation. As a result, histone protein acetylation increases \[[@CR50]\]. It has been shown that inhibiting endogenous NFX1-123 reduces the E6 protein capacity to activate telomerase \[[@CR51]\]. In vitro studies have also indicated that DNA methylation patterns in HPV-positive cells are changing during HPV infection. In cells with HR E6 and E7 hypermethylation of specific hTERT promoter regions and hypomethylation of other regions were observed \[[@CR52]--[@CR55]\].Fig. 4Telomerase activation by human papillomavirus protein E6. E6/E6AP affects *hTERT* promoter repressors---USF1/2---which bind to cis elements of promotor (X1 boxes, E boxes, and GC-rich sequences) and NFX1-91, and recruits histone deacetylase (HDAC) through mSin3A. cMYC/Max heterodimer, Sp1, and histone acetyltransferases (HAT) bind to the *hTERT* promoter and activate *hTERT* expression. *hTERT* activation is also increased by NFX1-123 with cytoplasmic poly(A) binding proteins (PABPCs) which cooperate with E6/E6AP(modified from Howie et al. \[[@CR31]\]). *E6AP* ubiquitin ligase

The results of these studies also indicate post-transcriptional regulation of telomerase activity by E6, mediated by cellular protein NFX1-123 (a longer splice variant of the *NFX1* gene) that stabilizes binding to *hTERT* mRNA. Interaction of NFX1-123 via poly(A) binding protein interacting motif (PAM2) with cytoplasmic poly(A) binding proteins (PABPCs) (which bind to the poly(A) tail of mRNA) leads to an increase of protein expression through mRNA stabilization. PAM2 is critical for increasing *hTERT* expression in E6 expressing keratinocytes \[[@CR45], [@CR56]\].

Thus, the interaction of viral E6 protein with E6AP plays a key role in the induction of telomerase and its hTERT subunit.

Research also indicates another possible mechanism of action of the E6 protein. Chen et al. \[[@CR57]\] have demonstrated that HPV16 E6 interacts physically with the KDM5C demethylase of H3K4 histone, which causes its degradation in the proteosome. A lower level of *KDM5C* expression was observed in the HPV16-infected cancer cell lines than in the HPV16-negative cell lines. Restoration of the original level of KDM5C resulted in significant inhibition of the neoplastic capacity of the CaSki line (HPV16-positive cell line derived from epidermoid carcinoma of the cervix metastatic to the small bowel mesentery).

The role in maintaining telomere length is also attributed to the E7 protein, which can regulate telomere elongation by means of the alternative lengthening of telomeres (ALT) pathway. The exact mechanism of this phenomenon remains unknown; however, Zhang et al. \[[@CR58]\] postulated that the E7 protein could affect the degradation of p130 belonging to the pRb family, the role of which is ALT inhibition.

Potential Application of *hTERC* Analysis and Telomere Length as an Indicator of Early Tumorigenesis {#Sec6}
====================================================================================================

The activation of telomerase, which, by extending the telomeres, leads to cell immortalization, is one of the first and also a key event indicating the initation of cell transformation. The length of telomeres in cancer cells results from a particular balance between the proliferative shortening of telomeres and their elongation by telomerase activity. Research on certain cancers, including colon cancer and cervical cancer, has provided information on tumor cell-specific dynamics of telomere length changes and confirmed that there was a correlation between telomere length and cancer stage. The shortest telomeres are found in cancer cells in the first stage of development \[[@CR59]--[@CR61]\]. In more advanced cancers, telomeres are longer, which indicates that stabilization of their length is achieved relatively late during tumorigenesis, after a period of active proliferation and telomere shortening \[[@CR59]\]. Research on a group of over 100 healthy women, with ASCUS (ASC of undetermined significance), LSIL, HSIL, and invasive cervical cancer showed that telomerase activity increased with lesion development \[[@CR62]--[@CR67]\], and that a higher level of *hTERT* expression was characteristic of more advanced CIN3 lesions \[[@CR68]\]. A high level of *hTERT* expression with a low level of TGFBR2 (transforming growth factor-β receptor type II) expression correlated with poor prognosis in patients with cervical cancer \[[@CR69]\]. Studies conducted by Zappacosta et al. \[[@CR70]\] have indicated the possible application of the hTERC analysis in the diagnostics of CIN2 lesions. Studies on a group of 54 women with ASCUS+ lesions showed that 96.3% had oncogenic HPV-DNA, and the expression of the *hTERC* gene was confirmed by fluorescence in situ hybridization (FISH) in more than 70% of women with CIN2+ lesions. In turn, Zheng et al. \[[@CR71]\] examined 373 patients classified into CIN1, CIN2, and CIN3 groups depending on lesion advancement. Patients with invasive cervical cancer formed a separate group. The expression of the *hTERC* gene was confirmed in 41.86% of patients with CIN2 lesions, 78.29% of patients with CIN3 lesions, and 89.47% of patients with invasive carcinoma. The sensitivity of the *hTERC* FISH method, as a prognostic test in predicting lesion progression, was estimated at 88.89%. Similar conclusions were drawn from results obtained by subsequent research teams \[[@CR71]--[@CR74]\]. Ravaioli et al. \[[@CR75]\] showed that use of the FISH method for detection of *hTERC* expression was a more reliable method, allowing for prediction of the progression of CIN2 to CIN3 lesions, as compared with the immunohistochemistry (IHC) method. The progression from CIN2 to CIN3 lesions is more frequent in patients with CIN lesions, who are hTERT-positive. Although the sensitivity of both methods is similar and amounts to about 86%, the FISH method is characterized by specificity two times higher than that of IHC. A new potential method of testing telomerase activity---asymmetric polymerase chain reaction (PCR) (A-PCR)---is characterized by insensitivity to PCR inhibitors and may find application in monitoring precancerous changes and the effect of therapy on cancer cells in the near future \[[@CR76]\]. In turn, measurement of hTERT in serum may be useful in diagnosing and assessing the clinical stage of cervical cancer. Porika et al. \[[@CR77]\] demonstrated that hTERT serum levels correlate with telomerase activity in 80.2% of squamous cell carcinoma and 73.8% of adenocarcinoma patients. This indicates a correlation with clinical stage, tumor size, and lymph node metastasis.

It seems that telomere length measurement can also be an indicator of early changes at the cellular level, before they can be detected by cytological methods. So far, the usefulness of the telomere length assessment has been demonstrated in patients with Barrett's esophagus, whose telomere length could be a biomarker indicating the risk of developing cancer since shortened telomeres were observed before the tumor lesion \[[@CR78]\]. The simultaneous occurrence of short telomeres and elevated levels of hTERT correlated with tumor aggressiveness and shorter survival in patients with neck and head cancer. A higher level of *hTERT* expression was observed among patients with an additionally confirmed HPV infection than in patients without HPV infection. At the same time, this group was characterized by a longer survival. The authors concluded that the high level of *hTERT* expression might have had other prognostic significance in patients with HPV infection-induced tumors \[[@CR79], [@CR80]\]. In turn, long telomeres correlated with poor prognosis in patients with esophageal squamous cell carcinoma and HPV infection. The length of telomere decreased in the following order: cancer, tissues adjacent to the tumor, and healthy tissue of the esophagus \[[@CR81]\]. A study on the relationship between the length of leukocyte telomeres in patients with HPV16 infection and the risk of oral squamous cell carcinoma confirmed an increased risk, especially in young, non-smoking, and non-alcoholic patients \[[@CR82], [@CR83]\]. A study on a group of 16 patients showed that CIN lesions were associated with shortened telomeres, suggesting that telomere shortening precedes carcinogenesis \[[@CR60]\]. Studies with mouse models have also indicated that CIN2 lesions have significantly shorter telomeres than corresponding normal squamous epithelia \[[@CR84]\]. Additionally, Meeker et al. \[[@CR85]\] reported that telomere shortening was a prevalent alteration in many epithelial lesions, including, among others, those of the prostate, pancreas, breast, and uterine cervix. The authors confirmed that shortening of the telomeres was a predominant abnormality in 88.6% of epithelial cancer precursor lesions and they concluded that telomere length abnormalities appear to be one of the earliest and most prevalent genetic alterations acquired in the multistep process of malignant transformation.

Summary {#Sec7}
=======

Carcinogenesis induced by HR HPV is a multistep process initiated by viral proteins, which can lead to apoptosis inhibition, genome instability, and uncontrolled cell division. Telomere shortening appears to be one of the earliest genetic alterations acquired in malignant transformation. Telomerase activation and telomere extension are crucial steps in the immortalization of cells. Effective detection of molecular events in the early carcinogenesis stages is important for prevention of cervical cancer development. Hence, the aim of many reports is to search for new biomarkers that would be useful in predicting the risk of progression and could be a potential tool for triage in cervical cancer screening. The level of *hTERT* expression correlates with dysplasia and telomerase activity, and increases with lesion development \[[@CR62]--[@CR67]\]. Likewise, telomere length measurement may be useful as a monitoring tool for early precancerous lesions. The problematic aspect of telomere measurement may be which selection method to use for quantifying telomere length. The most popular methods, such as terminal restriction fragment (TRF), quantitative PCR (qPCR), and a few subtypes of FISH, are most useful in measuring relative telomere length instead of absolute telomere length \[[@CR86]\]. Furthermore, the length of telomeres seems to be an individual feature that can be different between tissues \[[@CR87]\]. The correlation observed between telomere length and higher risk of some cancers \[[@CR88], [@CR89]\] seems to be promising for the future, but there is a need to refine methods to measure telomere lengths so they can be useful as a diagnostic tool.
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